Objectives: To describe associations between resident level of training, timing of medication orders, and the types of inpatient medication ordering errors made by internal medicine residents.
I n 1999, the Institute of Medicine released To Err is Human:
Building a Safer Health System, which reported that an estimated 98,000 hospital deaths were associated with medical errors. 1 This was followed by the Institute's Crossing the Quality Chasm: A New Health System for the 21st Century, which proposed rules for redesigning healthcare delivery and targeted injury to patients within healthcare systems as a national priority. 2 Almost 20 years later, however, medical errors are still considered to be a leading cause of death in the United States. 3 Medication errors are one common form of medical error. Despite reforms, medication errors and adverse drug events are responsible for an estimated 700,000 emergency department visits and 120,000 hospitalizations annually. 4 In the hospital, it is estimated that each patient is exposed to more than one medication error per day 2, 4 at a cost of billions of dollars.
In academic medical centers, residents place most of the medication orders for their patients, and the majority of medication errors originate in the ordering phase. 8, 9 Little is known about the association between resident training level and frequency of medication order errors, or when medication order errors occur. To date, most studies exploring factors associated with resident medication errors have focused on a few variables, including work hour restrictions, physiological state (eg, sleep deprivation from excessive duty hours), and/or resident mental health (eg, depression, burnout). [10] [11] [12] [13] [14] [15] The few studies that examined the relation between training level and temporal patterns of medical errors have elucidated the "July effect," suggesting that errors increase in July as new interns begin training; however, these studies often analyzed outcomes in aggregate and did not specifically address medication errors or medication order errors. 16 Finally, the few studies that examined the pattern of resident medication errors by time of day were conducted before the passage of the Health Information Technology for Economic and Clinical Health Act of 2009 and the subsequent widespread adoption of electronic medical record (EMR) platforms. [17] [18] [19] [20] To better understand trends in trainees' medication order errors, we reviewed 4 years of medication ordering data identified in real time at a large academic medical center. Our objective was to describe the types of medication ordering errors that residents made, the training level of residents involved, and the timing of the errors to inform future interventions. We hypothesized that medication order error rates would decrease as residents gained experience and that they would be highest at night, when there is less supervision.
Methods
We conducted a retrospective cohort study of all inpatient medication orders placed by internal medicine residents (postgraduate year [PGY] 1-3) between July 2011 and June 2015 at the Cleveland Clinic main campus, a not-for-profit multispecialty academic medical center located in Cleveland, Ohio. During this period, no specific quality improvement initiatives were aimed at decreasing order errors.
The Cleveland Clinic has used an EMR system (Epic Systems) since 2001. This EMR has some error detection functionality, such as the ability to warn users before filing orders for duplicate therapies or medications with allergy contraindications. Studies have suggested, however, that up to 96% of EMR alerts are ignored, which may result in adverse events. 21, 22 To better identify potentially harmful medication order errors, pharmacists at Cleveland Clinic also review each order placed. Using the imbedded pharmacy interventions documentation and communication module (iVent, Epic Systems), pharmacists manually verify all medication orders, directly communicate with the healthcare team about suspected errors, and document their productivity. The EMR can be queried for order information captured in iVent communications, including the medication order number, when it was placed, and whether there is a possible error. All iVent communications are categorized. The majority of Cleveland Clinic's 33 predefined iVent communication categories are associated with interpharmacy productivity documentation, but 5 are associated exclusively with suspected medication order errors. After consultation with our interdisciplinary team, which includes pharmacists, internal medicine physicians and trainees, a biostatistician, and a PhD educator, we defined a medication order error as an order that was associated with one of these five categories: allergy detection/caution, drug interaction, duplicate therapy, order needing clarification, and renal dose monitoring/adjustment required. These categories remained constant during the study period, and detailed descriptions of the categories and examples of order errors appear in Supplemental Digital Content, Appendix Table 1 (http://links. lww.com/SMJ/A127).
The EMR was queried for the following elements: medication order number, date and time of order, resident entering the order, whether there was an associated iVent, and iVent category. The time of the medication order also was dichotomized into before or after the implementation of duty hour restrictions (January 1, 2015), which takes into account Cleveland Clinic's participation in the iCOMPARE duty hour trial. 23 This query was cross-referenced and combined with the files from the internal medicine residency program regarding provider name and training level (PGY 1, 2, or 3) at the time of the order. The institutional review board at Cleveland Clinic approved this research as a quality improvement study.
Statistical Analysis
Characteristics of order errors were summarized, with counts and percentages. The association among the order characteristics (training level, shift, month, therapeutic class) and the probability of having an error was investigated with multivariable regression modeling. Because there were multiple orders per provider, a generalized estimation equation model was fit to accommodate the order clustering within provider. A compound symmetry structure was assumed for this correlation, which means that each order of a provider is equally correlated with each other order from that provider. 24 Adjustment for year of order also was included to account for changes in the healthcare system. A significance level of 0.05 was assumed, and all of the analyses were conducted using SAS version 9.4 (SAS Institute, Cary, NC).
Results
Between July 1, 2011 and June 30, 2015, a total of 1,772,462 orders were placed by 335 unique internal medicine residents. The mean number of orders placed per resident was 5291, with a median of 4980 and a range of 14,590. Fewer orders were placed by PGY3 (27%) compared with PGY1 (37%) or PGY2 (36%) residents, and the mean, median, and range of orders stratified by training year appear in Supplemental Digital Content, Appendix Table 2 (http://links.lww.com/SMJ/A128). The classes of medications that were most commonly prescribed were fluids and electrolytes (23%), cardiovascular medications (14%), analgesics (12%), and gastrointestinal medications (10%; Supplemental Digital Content, Appendix Table 3 , http://links.lww.com/SMJ/A129), which remained consistent across PGY levels.
In total, 68,545 (3.9%) of residents' orders triggered pharmacist intervention via the iVent system and were subsequently classified as medication order errors (Table 1 ). In unadjusted comparisons, errors were slightly more frequent in the PGY1 year, during the day, and in the summer months. There was no change in error rates following the lifting of duty hour restrictions. The renal dose monitoring/adjustment required category comprised the greatest number of errors overall (40%) and within each PGY level, followed by order needing clarification (27%), duplicate therapy (25%), drug interaction (5%), and allergy (4%; Table 2 ). The classes of medications associated with the highest rates of errors were antimicrobials (14%), anticoagulants (9%), colony-stimulating factor agents (8%), biologicals (8%), and antidotes (6%; Table 3 ). These most common medication order error categories were similar throughout all 3 PGY levels. In general, high rates of errors occurred for medications that were infrequently prescribed, with the exception of antimicrobials and anticoagulants. For the more commonly prescribed medications, the majority of errors were attributed to renal dose adjustment, accounting for 68.6% and 64.9% of the errors for antimicrobials and anticoagulants, respectively. For the less frequently prescribed medications, the majority of errors were attributed to the order needing clarification, which accounted for 89.2%, 77.0%, and 82.8% of the errors for colony-stimulating factor agents, biologicals, and antidotes, respectively. The plurality of errors occurred during the day (9:00 AM-4:59 PM) and peaked in the morning (Fig. 1) . During the course of the calendar year, the highest rate of errors occurred in August (Fig. 2) .
In the multivariable model adjusting for shift, therapeutic class of medication, and calendar year, both postgraduate resident training level and months of training (within a given year) were associated with medication order errors. Specifically, PGY2 residents had the lowest adjusted rate of errors. Compared with PGY2 residents, orders placed by PGY1s were associated with a greater odds of an error (adjusted odds ratio [aOR] 1.06, 95% confidence interval [CI] 1.03-1.10), as were orders placed by PGY3s (aOR 1.07, 95% CI 1.03-1.10). Orders placed in July and August were more likely to contain errors compared with other months, although this relation was driven entirely by error rates in August (aOR 1.09, 95% CI 1.03-1.14). Throughout the course of any single year of training, the odds of a medication order error decreased by 16% (aOR 0.84, 95% CI 0.80-0.89). Finally, orders placed during the night (7:00 PM-6:59 AM) and transition periods (7:00-8:59 AM and 5:00-6:59 PM) versus daytime (9:00 AM-4:59 PM) were less likely to contain errors than those placed during the day (aOR 0.93, 95% CI 0.91-0.96, and aOR 0.93, 95% CI 0.90-0.95, respectively).
Discussion
In this study of medication orders during a 4-year period in one large academic medical center, we found that approximately 4% of all medication orders placed by internal medicine trainees As determined by orders triggering pharmacist intervention through the i-VENT system. contained pharmacist-identified errors. The most common type of ordering error was failure to adjust dosing for renal impairment, and the class of medication most commonly involved in errors was antimicrobials. The rate of medication ordering errors varied by residents' level of training, shift (day vs night), and month of year. Specifically, the highest rate of errors occurred during the PGY1 year, particularly during the month of August. The rate of errors then declined throughout the year. PGY2s committed the fewest errors. Our hypothesis that errors would be more frequent at night and during transitions of care was not borne out. In fact, errors were more frequent during the day shift than during any other period. Few studies have directly examined the association between medication order errors and resident training level. Results of prior studies have been conflicting. For example, many studies used differing definitions of medication errors and examined the association in cohorts of residents from differing specialties. Furthermore, most studies were conducted before the EMR era, and the results of many are limited by small sample sizes (ie, containing <5% of the number of prescriptions analyzed in the present study), making findings difficult to generalize. For example, Pacheco et al 25 examined 180 prescriptions written in a pediatric emergency department setting and found that senior residents were more likely to make medication errors than were interns. Alternatively, Pippins et al 26 analyzed approximately 2000 medication errors that occurred on an inpatient medicine service and found that increasing experience level was associated with significantly fewer errors in medication reconciliation. Finally, Garbutt et al 27 reported that among medical students and residents using paper orders, some self-reported aspects of safe prescribing were related to experience, whereas others were not.
The decrease in medication order errors observed from PGY1 to PGY2 may represent an increased familiarity with the EMR, because effective use of EMRs has been shown to reduce medication errors. 28 Alternatively, it may represent increased knowledge, because medication-related knowledge deficiencies are associated with medication errors. 29 Our finding that the least-often prescribed medications were many times associated with higher order error rates supports this interpretation. More puzzling is the increase in order errors from PGY2 to PGY3. For PGY3 residents, who placed the fewest orders, knowledge decay and/or the complexity of patients-and thus medication orders-may have contributed to this increase. 30 It is also possible that PGY3s are the least likely to consult with others before placing an order.
We did not find evidence of a July effect. In fact, order error rates were lower in July before peaking in August, after which Fig. 1 . Total number of orders and iVENT rate for 24 hours. Fig. 2 . Total number of orders and iVENT rate for 1 year.
they gradually declined. In 2010, Philips and Barker 31 found that fatal medication errors increased by 10% in July in US counties with teaching hospitals; however, they addressed only fatal medication errors and included data going back as far as 1979, a time with minimal supervision of house staff and no EMR. Other studies have offered conflicting findings. One systematic review found evidence of increased mortality and decreased work efficiency in July, but could not determine whether medication errors were implicated. 32 Other studies found no difference in outcomes among patients seen by medicine teams and time of year, although medication errors were not reported specifically. 33, 34 Our finding that error rates in July were among the lowest in the year may be caused by heightened supervision during new residents' first month. 35 Alternatively, new residents may be particularly careful in their first month and become less so as they become more comfortable in their role or realize that their orders are being checked by a pharmacist. Although autonomy is integral to resident learning, 36 the sharp spike in August could indicate that supervision from any number of members of the interprofessional care team is being withdrawn prematurely. Ultimately, additional research is needed to confirm the mechanism behind the association that we report here.
Similarly, we hypothesized that nighttime may be particularly hazardous because of limited supervision and fatigue, 11, [37] [38] [39] a finding that was supported by one study of interns in an emergency department. 17 That study was conducted before the introduction of the EMR, however. In contrast, smaller inpatient studies, both conducted before 18 and during the EMR era, 40 report the highest rate of medication errors during the day. These results are similar to our findings, but the reasons for this are unclear. It may be that the volume of orders, the type of orders, and the competing demands (eg, rounds, family meetings, educational conferences) during the day contribute to increased risk. Another vulnerable period is patient handoffs. [41] [42] [43] [44] Inadequate signouts have been associated with adverse events, 45 but not specifically with medication errors. We did not find any increase in order errors during handoff periods, perhaps because errors that originate from inadequate handoffs manifest after the transition time; however, it also is possible that the use of handoff tools helped to limit errors. [41] [42] [43] At our institution, residents are taught the situation, background, assessment, recommendation (SBAR) mnemonic, which is one of the most cited and recommended handoff techniques, 46, 47 as well as the more recently published patient information, active hospital course, status, supporting data, overnight to do, nursing, summary by received (PASSONS) mnemonic. 48 Similar to the July effect, awareness of the dangers of handoffs may have actually made them safer, at least concerning risk of a medication order error.
Our findings have several important implications. First, the timing of errors suggests the need for increased supervision in the months of August and September, not simply in July. Thirdyear residents may need to take more care and occasionally consult with others, because these residents write fewer orders and may become less familiar with entering orders into the EMR. Second, the high frequency of order errors, despite use of an EMR that detects common errors such as allergies and duplicate orders, underscores the need for clinical pharmacist review, given that EMR alerts often are ignored. 22 Similarly, the frequency of error types highlights the need for better attention to dosing for patients with renal impairment. Others have proposed that EMRs could prevent such errors, 49 but despite evidence suggesting computerized support for renal dose adjustments improves order appropriateness, 50 most EMRs do not yet integrate measures of creatinine clearance with drug prescribing. Third, medications with the highest rates of ordering errors were generally those that were prescribed infrequently, pointing to the need to be cautious when prescribing or filling less common medications. There were exceptions to this, however, such as antimicrobials and anticoagulants. Future research may explore why this was the case. For example, it is possible that if residents are aware that a pharmacist will be checking their orders, they may be less careful when writing them. In that case, the redundancy incorporated into the system as a safety measure could produce the opposite effect. No matter the reason, the differing types of errors seen with commonly versus less commonly prescribed medications underscore the importance of resident education about specific kinds of errors that are common when ordering certain types of medications.
Limitations to this study include the retrospective nature of this study and the focus upon residents within a single institution, which limits generalizability of findings. We also included only certain types of errors in our analysis (eg, errors categorized into predefined iVENT communication categories); thus, some ordering errors may not have been included in our analysis. As such, even though the rate of errors in this study is comparable to the rate of medication errors reported in more general epidemiologic studies, 51 absolute frequencies should be interpreted with caution, although trends in ordering errors across resident and order characteristics should be more accurate. Furthermore, only data on ordering errors detected and classified by pharmacists were used. Pharmacist staffing levels and experience may have affected the rate of iVents generated, and the positive predictive value of pharmacist use of an iVent is likely not 1.00. Moreover, because iVents are created before medications are dispensed, it is likely that none of the order errors in this study resulted in harm. Real-time pharmacist surveillance has been used previously to study medication error rates, 52, 53 and patterns of near misses are commonly used in safety reporting systems and have been credited with improving safety in a number of industries. 54 Despite these limitations, our study had a number of strengths, including the large sample size of both medication orders and residents, our ability to accurately track medication ordering errors over time, and being one of the few studies conducted in the era of widespread EMR use.
Conclusions
We found that medication order errors occur in at least 4% of all inpatient medication orders placed by internal medicine trainees at our institution and that antimicrobials are the single most error-prone medication class requiring pharmacy intervention. Although the EMR holds the potential to decrease frequent causes of prescribing errors, namely failure to consider renal impairment, additional supervision and education of residents may be necessary, particularly in August and September, and oversight by a clinical pharmacist continues to be valuable at all times.
